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Tryptic digestion of the 150-residue human acidic salivary proline-rich protein 1 (PRP-1)
generated eight peptides, two of which corresponded to the N-terminal 30-residue segment. In
each of the other six tryptic peptides, a consensus repeat with the structure PQGPPQQGG was
present. A facile Gln-Gly cleavage between the second and the third residues of the repeat was
observed during collision-induced dissociation experiments. We postulate possible mecha-
nisms to account for this reactivity, involving attack on the peptidyl carbonyl group by the Gln
sidechain. Significantly, the Gln-Gly cleavage has been shown to be biologically important in
the bacterial degradation of PRPs in saliva, generating bacteria-binding Pro-Gln C-termini. We
suggest a link between the gas-phase chemistry and the biochemical degradation of these
molecules. (J Am Soc Mass Spectrom 2001, 12, 337–342) © 2001 American Society for Mass
Spectrometry
Proteins containing Gln or Asn residues can un-dergo deamidation [1]. The rate of deamidationof Asn is generally greater than that of Gln, and is
most rapid when Asn is followed by Gly [2]. The
deamidation reactions proceed via cyclic imide interme-
diates, i.e., glutarimide for Gln, succinimide for Asn
(Scheme 1a). The imides are formed via nucleophilic
attack by the peptidyl amide nitrogen on the sidechain
carbonyl group with concomitant elimination of NH3.
The cyclic imide intermediates can subsequently be
hydrolyzed to give Glu (Asp) or isoGlu (isoAsp) in the
so-called g-glutamate (b-aspartate) shift. Not only are
structural isomers formed, but also stereoisomers since
both d and l residues are formed from the cyclic imide
(Scheme 1a). This is due to the acidity of the hydrogen on
the a-carbon of the cyclic imide, where deprotonation is
followed by racemization. As an alternative to deamida-
tion reactions, cyclic imide formation can lead to peptide
degradation [1, 2]. If formation of the cyclic imide (Scheme
1a) is inhibited for steric reasons, an alternative cyclic
imide could be formed. This occurs when the sidechain
amide nitrogen attacks the carbonyl of the peptide bond
resulting in peptide bond cleavage (Scheme 1b).
Proline-rich protein 1 (PRP-1) is a 150-residue sali-
vary protein that contains an abundance of both Pro
and Gln residues (Figure 1) [3]. Many of the Gln residues
are followed by Gly and thus, PRP-1 is a candidate protein
for deamidation and nonenzymatic degradation. In a
recent study we have shown that PRP-1 is glucuronidated
at Ser 17 [4]. In this study PRP-1 was digested with
trypsin. Eight tryptic peptides were generated, six of
which contained the consensus repeat PQGPPQQGG.
These tryptic peptides have now been analyzed further by
tandem mass spectrometry (MS/MS) and the interpreta-
tion of the resulting collision-induced dissociation (CID)
spectra is the subject of the present communication. The
CID spectra of the peptides containing the consensus
repeat revealed intense b- and y-type ions which resulted
from facile cleavage of Gln-Gly peptide bonds, particu-
larly when the Gln was followed by Gly-Pro. The Gln-Gly
cleavage has been shown to be of significant biological
importance in the bacterial degradation of PRPs in saliva.
Peptides terminating in Pro-Gln with bacterial adhesive
properties are generated, as is a pentapeptide, that coun-
teracts lactate production and desorbs bound bacteria, as a
result of Gln-Gly cleavages [5].
Experimental
Isolation and Tryptic Digestion of PRP-1
Human acidic PRP-1 was isolated from saliva and
digested with trypsin as described elsewhere [4].
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Mass Spectrometry
Nano-electrospray (nano-ES) mass spectra of the tryptic
peptides were recorded using a quadrupole (Q)-time-
of-flight (TOF) tandem mass spectrometer (Q-TOF, Mi-
cromass, Manchester, UK) [6]. The instrument was
equipped with an orthogonal sampling ES-interface
(Z-spray, Micromass, Manchester, UK). Metal coated
nano-ES capillaries (Protana A/S, Odense, Denmark)
were manually opened on the stage of a light micro-
scope to give a spraying orifice of about 5 mm. This
resulted in a flow rate of approximately 20–50 nL/min
when a capillary voltage of 0.8–1.2 kV was applied. Ion
desolvation was facilitated by a countercurrent of dry-
ing gas (nitrogen). The cone voltage was set to 40 V. For
the acquisition of CID spectra, the precursor ion isotope
cluster was selected with Q-1. The collision voltage was
optimized in the range 20–40 V with argon as the
collision gas. The product ion spectra were recorded on
the orthogonal TOF analyzer.
When necessary, low-molecular-weight contami-
nants and salts were removed from the samples using
reversed phase (C18) micro columns (ZipTip, Millipore,
Bedford, MA). Normally, 5 mL of sample was applied to
the column followed by washing with 30 mL of 0.1%
trifluoroacetic acid and elution with 60% acetonitrile
containing 1% acetic acid directly into the nano-ES
capillary.
Results
Eight tryptic peptides were generated from PRP-1. Two
of which comprised the N-terminal 30-residue segment
(T1) and are discussed in a separate publication [4].
CID of Tryptic Peptides T2–T7
Tryptic peptides T2–T7, in their most abundant charge
states, were subjected to CID in an attempt to investi-
gate the fragmentation within the consensus repeat
PQGPPQQGG (Figure 1).
Tryptic Peptide T4
The 15-residue peptide T4 has the repeat sequence
PQGPPQQGG at the N-terminal end (1PQGPPQQG
GHPRPPR15). CID of the triply protonated molecule
resulted in a major cleavage between Gln 2 and Gly 3
generating very abundant y13
21 and b2
1 ions (Figure 2a).
Intense peaks for doubly charged y ions, i.e., y11
21–y14
21,
were also observed, as were less abundant y8
21–y10
21
ions. The probable reason for the abundance of doubly
charged y-type ions is the presence of the basic Arg
residue at position 12 as well as at the C-terminus. The
only b ions observed were singly charged b2 and b3.
The Gln-Gly sequence is present at positions 2–3 and
also 7–8. However, the cleavage between Gln 7 and Gly
8 is not as facile as that between Gln 2 and Gly 3. This
suggests that for facile cleavage between Gln and Gly
the neighboring Pro residues are of importance.
Tryptic Peptide T3
T3 is a 17-residue peptide that contains the nine-residue
repeat at the N-terminal end and is extended by eight
residues to give 1PQGPPQQGGHPPPPQGR17. The ma-
jor cleavage in the triply protonated form of the peptide




1 ions (Figure 2b). Other facile
cleavages are between Gln 2 and Gly 3, as well as
N-terminally to other Pro residues. The most abundant
y21 ions are however generated by the Gln 2-Gly 3
cleavage giving y15
21 and complementary b2
1 ions. The
Pro residue with its tertiary nitrogen promotes the
formation of abundant y and b ions N-terminally to it.
Low abundance ions are generally observed on the
C-terminal side of Pro [7–9]. As in peptide T4, the
second Gln-Gly cleavage between residues 7–8 results
in product ions of low abundance. The third Gln-Gly
cleavage between Gln 15 and Gly 16 generates even
fewer ions.
Scheme 1. (a) Spontaneous formation of a peptide glutarimide and
the products of its hydrolysis. (b) Degradation of peptides with
the formation of a glutarimide.
Figure 1. Amino acid sequence of PRP-1 [3]. Tryptic peptides are
indicated, T1–T7.
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Tryptic Peptide T2
This 44-residue peptide also contains the nine-residue
repeat, but in this case there is an extra Gln inserted
between the initial Pro and Gln residues resulting in a
23PQQGPPQQGG32 sequence positioned in the middle
part of the peptide (Figure 1). The CID spectrum of the
[M 1 4H]41 ion shows a prominent doubly charged
y-ions series, which maximize at y19
21, i.e., cleavage
between Gln 25 and Gly 26 (Figure 2c). The QGPP motif
is also present between residues 36 and 39. The Gln
36-Gly 37 cleavage generates an abundant y8
1 ion. As
before, only minor product ions were observed as a
result of the second Gln-Gly cleavage between Gln 30
and Gly 31 within the nine-residue repeat. This indi-
cates the importance of Pro at the C-terminal side of Gly
for the facile Gln-Gly fragmentation.
It should be noted that an artifactual pyroglutamic
acid residue was present at the N-terminus of this
peptide derived from the original Gln residue. The b
ions observed are consistent with this modification. The
presence of N-terminal pyroglutamic acid tends to
inhibit the formation of the normally abundant b2
1
product ions. The intense fragmentation on the N-
terminal side of Pro 27 to give y18
21 ions is explained by
the “proline effect,” as is the low abundance of ions
generated C-terminal to Pro. It is interesting to note that
the y23
21 peak is intense. This results from an Asp-Gly
cleavage in a DGP motif.
Tryptic Peptide T6
The 10-residue peptide T6 contains the almost perfect
nine-residue repeat. In this case there is a PPP as
opposed to a PPQ stretch to give (1PQGPPPQGGR10).
The doubly protonated precursor was subjected to CID
and the resulting product ions were mainly singly
charged. The y8
1 and complementary b2
1 ions are the
most abundant (Figure 2d). These ions are formed by
cleavage of the Gln 2-Gly 3 bond.
Tryptic Peptide T5
T5 is a 23-residue peptide that was subjected to CID in
its triply protonated form. The nine-residue repeat
starts at position 3 to give 1GRPQGPPQQGGHQQGP
PPPPPGK23. The most abundant product ions do not
correspond to cleavages within the nine-residue repeat.
Instead, an intense doubly charged b-ion series is ob-
served, stretching from b13
21 to b19
21 (Figure 2e). The
formation of these doubly charged products is favored
by the presence of a basic residue N-terminal to the
cleavage site. The basic residue confiscates a second
ionizing proton which then becomes a spectator to the
cleavage process. Of the product ions resulting from
cleavage within the nine-residue repeat, y19
21 is the most
abundant. This ion results from dissociation of the bond
between Gln 4 and Gly 5. A complementary b4
1 ion is
also observed. As is usual, an abundant b2
1 ion is
formed [10]. A series of triply charged internal ions of





31. Each of these fragment ions
is formed by a cleavage N-terminal to a Pro residue. Pro
is known to facilitate the formation of such internal
fragment ions [9, 11].
Tryptic Peptide T7
The C-terminal peptide T7 contains only the first six
residues of the nine-residue repeat, and a basic residue
is not present at the C-terminus (1PQGPPQGQSPQ11).
The absence of a basic residue at the C-terminus has a
major effect on the fragmentation of this peptide. The
doubly protonated precursor ion was dissociated and a
facile cleavage between Ser 9 and Pro 10 giving abun-
dant y2
1 and b9
1 ions was observed (Figure 2f). Frag-
mentation between Gln 8 and Ser 9 residues was also
significant, giving y3
1 and complementary b8
1 ions. The
b6
1 ion, formed by a Gln 6-Gly 7 cleavage, is also
prominent. Somewhat surprisingly the b2
1 ion is only
minor.
Discussion
A repetitive feature of the spectra presented in Figure 2
is the abundance of product ions formed by amide bond
cleavage between Gln and Gly residues. The results
suggest that a Pro residue C-terminal to Gly is of
importance in this cleavage. This is exemplified by the
comparatively weak Gln-Gly fragmentation when the
residue C-terminal to Gly is another Gly (as in the QGG
stretch of the repeat). The prevalent Gln-Gly cleavage
can be explained by the involvement of the Gln
sidechain in the fragmentation process. It is possible
that the oxygen of the carbonyl group of the Gln
sidechain attacks the carbonyl group of the peptide
bond, resulting in peptide bond cleavage (Scheme 2).
This mechanism is similar to that proposed to account
for the low-energy fragmentation of peptide bonds, but
involves a protonated isomide as opposed to a proton-
ated oxazolone (Scheme 3) [10, 12]. An alternative
mechanism to account for the facile Gln-Gly cleavage
could involve nucleophilic attack by the sidechain
amide nitrogen on the peptide bond carbonyl group
forming a protonated glutarimide (Scheme 4). This
mechanism is comparable to the solution phase degra-
dation of peptides by cleavage C-terminal to Gln resi-
Scheme 2. Fragmentation mechanism to account for facile cleav-
age of the Gln-Gly bond with the formation of a protonated cyclic
isoimide.
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dues (Scheme 1b). There is precedence for the formation
of six membered ring cyclic compounds in both solu-
tion and gas phase peptide chemistry. Other cyclic
compounds proposed to be formed by nucleophilic
substitution reactions are diketopiperazines. In the gas
phase, it has been shown that these are the neutral
products of the amide bond cleavage between peptide
residues 2 and 3 when singly protonated peptides are
subjected to CID (Scheme 5) [13]. However, when
cleavage between residues 2 and 3 results in an N-
terminal product ion, evidence suggest that the b2 ion is
a protonated oxazolone (Scheme 3) [10,13]. In solution,
it has been suggested that the formation of dike-
topiperazines account for the blocked a-amino groups
in certain peptides where the second residue is Asn [14].
Although the b2 ion is generally abundant in CID
spectra of tryptic peptides, it does not necessarily
follow that the complementary y ion is similarly abun-
dant. The accepted explanation for the intense b2 ion
peak is that higher members of the b ion series fragment
down to b2 [10]. A feature of the spectra presented in
Figures 2a, 2b and 2d is that both b2 and its complemen-
Figure 2. Positive-ion CID spectra of (a) the [M 1 3H]31 ion, with monoisotopic m/z 536.0, of T4
(PQGPPQQGGHPRPPR); (b) the [M 1 3H]31 ion, with monoisotopic m/z 578.0, of T3 (PQGPPQQG
GHPPPPQGR); (c) the [M 1 4H]41 ion, with monoisotopic m/z 1085.0, of T2 [(Pyr)GPPLGGQQSQP
SAGDGNQNDGPQQGPPQQGGQQQQGPPPPQGK]; (d) the [M 1 2H]21 ion, with monoisotopic m/z
495.8, of T6 (PQGPPPQGGR); (e) the [M 1 3H]
31 ion, with monoisotopic m/z 766.1, of T5 (GRPQG
PPQQGGHQQGPPPPPPGK); and (f) the [M 1 2H]21 ion, with monoisotopic m/z 560.8, of T7
(PQGPPQGQSPQ).
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tary y ion are abundant. There is no obvious reason
why this should be so, other than that the cleavage
between residues Gln 2 and Gly 3 is facile. Further
evidence for this facile Gln-Gly cleavage has been
obtained by comparing the CID spectra of [M 1 2H]21
ions of synthetic tryptic-like peptides containing N-
terminal PQGP- and PAGP-motifs. The b2 and its com-
plementary y ion were far more abundant in the CID
spectra of the former peptide than in the latter (results
to be published).
Scheme 3. Mechanism to account for the fragmentation of peptide
bonds by low-energy CID with the formation of a protonated
oxazolone.
Scheme 4. Fragmentation mechanism to account for facile cleav-
age of the Gln-Gly bond with the formation of a protonated
glutarimide.
Figure 2. (Continued)
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The results of the present study indicate, that when
Gln-Gly appears in a peptide, CID of this peptide bond
can occur via mechanisms involving the Gln sidechain
(Schemes 2 and 4). For such mechanisms to be impor-
tant, the residue C-terminal to Gly should be Pro. We
suggest that the absence of a sidechain in Gly encour-
ages such fragmentation reactions, and that the cyclic
structure of the Pro residue is important, possibly to
stabilize the reacting conformation. It is of interest to
note that in peptide T2 a DGP stretch is present, and
cleavage of the Asp-Gly amide bond results in abun-
dant y-type ions. This is compatible with the mecha-
nisms postulated in Schemes 2 and 4 but where the
nucleophilic attack is via a carboxylate group [15–17].
As discussed above, the Gln-Gly amide bond is
readily cleaved in the gas phase when Pro follows Gly.
This is also true for the bacterial degradation of acidic
PRPs where Gln-Gly cleavages are important for the
generation of bacteria-binding peptides and in releasing
an Arg-Gly-Arg-Pro-Gln pentapeptide that desorbs
bound bacteria [5]. In fact, a bacterial proteinase which
supposedly cleaves acidic PRPs at Gln-Gly bonds, has
not been identified. Thus, a spontaneous nonenzymatic
degradation could be responsible for this cleavage.
In conclusion, we propose the involvement of a
cyclic imide/isoimide in both the gas- and solution-
phase cleavage of the Gln-Gly peptide bond. We also
suggest that the bacterial degradation of acidic PRPs
occurs via a similar solution phase mechanism.
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